~/ Spinal cord blood flow (SCBF) and the effect of end-tidal CO2 concentration (ETCOz) on SCBF (CO2 reactivity) were studied in the lumbar spinal cord of cats by means of the hydrogen-clearance technique. Hydrogen gas was administered by inhalation, and its level in spinal cord tissue was estimated amperometrically with small (75/zm) platinum electrodes. The average SCBF's at normocapnia (ETCO2 ---4%) of the ventral horn gray matter and of the white matter at several locations were 43.2 and 16.2 ml. 100 gm-l.min -1, respectively. For gray and white matter, the values of CO2 reactivity, estimated by the coefficient of the regression of SCBF (ml. 100 gm -I. min -a) on ETCO2 (ml. 100 ml -x) were 11.6 and 2.1, respectively. No differences in SCBF or CO2 reactivity were observed between intact animals kept under N20-O2 ventilation and decerebrated animals with no anesthesia.
A
TTEMPTS to understand the role of blood flow in spinal cord pathophysiology are limited by the lack of a clear conceptual framework regarding the normal regulation of this variable. Spinal cord blood flow (SCBF) has usually been considered to be under the control of the same regulatory factors that operate in the rest of the central nervous system. 1~176 Thus, increased neural activity, induced by stimulation of peripheral nerves, v,18 and increased blood CO2 concentration ~1' 1s,26 have both been shown to increase SCBF. It is not known, however, whether the increase in SCBF associated with stimulation of peripheral structures depends on supraspinal connections and general hemodynamic factors or can be observed in a decentralized segment of cord. Likewise, it is not known whether activation of motoneurons per se is enough to elicit hyperemia of the cord or if this must be accompanied by synaptic activity. Moreover, the potential role of SCBF in spinal shock has never been evaluated.
With all these objectives in mind, the present investigation was conducted in cats in which SCBF of the lumbar cord was measured by the hydrogen (Hz)-clearance technique. Activation of the cord was induced either by ventral or dorsal root stimulation in decerebrated animals with low-level cordotomy. The role of supraspinal connections in the control of resting (normocapnic) SCBF and in the cord hyperemia induced by hypercapnia was investigated by studying these variables before and after cordotomy. Some preliminary results of the present study have already appeared in abstract formfi 6
Materials and Methods
Thirty-four mongrel cats of both sexes, 2.5 to 4.5 kg in body weight, were used. Preliminary surgical procedures (cannulation of a common carotid artery, external jugular vein, and trachea) were performed under 2% halothane in 60% N20-40% 02. After this, some of the animals were decerebrated at the intercollicular level with subsequent removal of the anesthetic, while others were maintained thereafter on 70% N20-30% 02 inhalation. Animals were then paralyzed by a continuous intravenous infusion of pancuronium (Pavulon) at a rate of 0.2 mg kg -1 .hr -1, and mechanically ventilated with a modified T-system so as to achieve an end-tidal CO2 concentration (ETCO D of 4%. The latter was monitored continuously with a Beckman LB-2 gas analyzer.* Arterial blood pressure * Gas analyzer manufactured by Beckman Instruments, Inc., 2500 Harbor Boulevard, Fullerton, California.
Control of spinal cord blood flow in cats (BP) was monitored continuously with a Statham P23AC pressure transducer.t A standard lumbar laminectomy from L-4 to S-1 was performed under halothane-N20 anesthesia. The animal was held rigidly in a metal frame, and the spinal cord covered with a pool of mineral oil maintained at 36~ by means of a thermostatically controlled heating coil. Body temperature was monitored continuously with an esophageal thermometer, and maintained at about 37~ by means of heating pads.
Electrical activity was recorded from the ventral and dorsal roots at L-7 or S-l, with silver hook electrodes, and the recordings were conventionally amplified and stored on magnetic tape.:~ A computer of average transients was used to average the responses. Electrical stimulation of either dorsal or ventral roots was accomplished with Series 160 Tektronix pulse and waveform generators and a bioelectric isolation unit.w
The SCBF was estimated by the H2 clearance technique. ~'9 A platinum (Pt) wire, 75 ~tm in diameter and glass-insulated except for approximately 75/~m from the tip, was used as the H2 sensor electrode. Current between this electrode and an indifferent calomel electrode placed subcutaneously in the hind limb, was monitored as the voltage drop across a 1.5. 105-ohm resistor and was used as an indication of the tissue Hz concentration. 1 A steady-state level of H2 in tissue was achieved by administration of 5% Hz in the inspired gas mixture. After interruption of H2 inhalation, tissue H2 concentration decayed exponentially according to the relation Ct = C0.e-kt; where Ct = He concentration at time t and Co = H2 concentration at time 0; k = F/X.V where F --blood flow (ml.min-1), V --tissue volume (ml), and X is the tissue/blood partition coefficient for H2 that has been previously found to be close to 1 in nerve tissue, s The value of k can be obtained from the desaturation slope by the expression k ----ln(Ct/C0).t -1. Since the value of k is independent of the absolute level of the initial Hz concentration, calibration of the platinum electrode was not attempted.
After a short initial period, all the sites explored showed a monoexponential decay of H2 concentration during desaturation. In some experiments, the time course of the decay in arterial H2 concentration after interruption of H2 inhalation was monitored with an intravascular Pt electrode. Arterial H2 concentration reached 2% of its initial value within 50 seconds, a period that coincided with the initial, non-exponential, decay of tissue He concentration. Thus, the initial 50 seconds of the desaturation slope was discarded in calculation of SCBF. The H2 current from the Pt electrode, the ETCOz, and the BP were recorded continuously on a Grass Model 7 polygraph.[[ The H2-detector electrode was positioned within the cord with a micromanipulator and a hydraulic microdrive. The location of the electrode tip was verified by postmortem histological examination. To this end, intravascular fixation was performed by intra-arterial infusion of 10% buffered formalin, while the Pt electrode of the last track was still in place. The segment of the spinal cord containing the electrode track was then removed, embedded in paraffin, and serially sectioned and stained by the Kliiver technique. In order to estimate capillary density, the animals were perfused through an intra-aortic catheter with a suspension of colloidal carbon prepared by diluting Higgins india ink with 50% saline. The lumbar spinal cord was then removed and kept in 10% buffered formalin for 72 hours. Frozen sections were cut in a cryostat and the slices counterstained (Nissl), dehydrated, cleared in xylene, and mounted in Permount. A microscope provided with an eyepiece micrometer was used to measure intercapillary distance. The measurements were performed along the boundary between gray matter of the ventral horn and white matter ("0" in the abscissa of Fig. 3 ), and along imaginary lines concentric with that boundary at various distances inside the white and gray matter.
The effect of arterial CO2 on SCBF was assessed by changing the level of ETCO2 in steps, within the range of 2% to 10%, by hyperventilation or addition of CO2 to the inspired gas mixture. The level of ETCO2 was maintained constant from 5 minutes prior to the commencement of the desaturation slope and during its entire course. A quantitative estimation of the dependence of SCBF on ETCO2 (CO2 reactivity) was obtained by calculation of the regression equation of SCBF (ml. 100 gm -1.min -1) on ETCOz (ml. 100 m1-1) by the least-squares method.
Results

SCBF in Gray and White Matter
When the H2-sensing electrode was left undisturbed in a given location, the recorded SCBF remained stable over periods of several hours, provided that BP and ETCO2 were maintained constant ( Fig. 1) . A good level of reproducibility of the H2-clearance measurements was revealed by comparing the values of SCBF at the same locus obtained from two consecutive measurements (16 pairs of values from nine animals). The ETCO2 and BP were the same (within 0.2% and 10 mm Hg, respectively) when the two measurements of each pair were made. The several pairs of measurements, however, were made at levels of ETCOz that ranged from 3% to 10%, with corre-II Grass Model 7 polygraph manufactured by Grass Instrument Co., 101 Old Colony Avenue, Quincy, Massachusetts.
FIG. 1. End-tidal CO2 (E.T.CO2) concentration and spinal cord blood flow in the ventral horn of L-6, measured by H2 clearance, over a period of 6 hours in a cat under 70% N20-30% O2 inhalation. The E.T.CO2 was changed by adding CO2 to the inspired gas.
FIG. 2. Correlation between paired values of spinal cord blood flow (SCBF)
. Each point represents the values obtained sequentially at the same location in a given animal when end-tidal CO2 concentration (ETCO2) and blood pressure differed by no more than 0.2% and 10 mm Hg, respectively. The several pairs of measurements (16 in nine animals) were made at levels of ETCOz that ranged from 3% to 10%. sponding values of SCBF ranging from 24 to 104 ml. 100 gm-lmin -1. These SCBF data were analyzed by calculating the regression of the second measurements (Y) on the first ones (X) in the pairs. The regression equation obtained was Y --1.01X + 0.5. The correlation coefficient was 0.98 (p < 0.001) (Fig. 2) .
In order to estimate the radius of the tissue sphere "seen" by the flow-sensing electrode, values of SCBF recorded from 21 sites, grouped at eight intervals, in 14 animals were plotted as a function of their position with respect to the gray-white matter interface. This plot was superimposed on a similar representation of capillary density (reciprocal of average intercapillary distance) as a function of distance from the interface (Fig. 3) . It is evident that the change in SCBF level (as measured by the H2 clearance) that occurs through the gray-white interface parallels closely the transition of capillary density which, in turn, can be expected to correlate closely with the real BF values. The two representations, however, are shifted with respect to each other by a distance ranging from 0.1 to 0.2 mm, and this can be taken as an estimate of the distance over which the electrode reading can be influenced under our experimental conditions. In this particular case, diffusion of H2 from the slowly clearing white matter into the adjacent gray matter slows down the rate of decrease of H2 concentration there, and produces an underestimation of SCBF in the gray matter close to the interface.
To assess the effect of anesthesia on SCBF and CO2 reactivity, these variables were recorded in animals that had been decerebrated and maintained without anesthesia, and compared to the values recorded from a group of six animals maintained on 70% N20-30% 02 inhalation (Table 1) . The values of COz reactivity and normocapnic SCBF in the latter group did not differ statistically from those of decerebrated animals ( Table 1) . Values of SCBF at normocapnia (ETCO2 4%) and CO2 reactivity differed widely between gray and white matter locations. Pooled values from 72 measurements in 10 cats for the ventral horn of L-6 or L-7 and from 19 measurements in three cats in white matter of the anterior, lateral, and dorsal funiculi are shown in Fig. 4 .
Effects of Spinal Cord Transection
In five decerebrated cats, SCBF and COe reactivity were measured in the ventral horn of L-6 or L-7 before and immediately after division of the spinal cord at T-11. Surgical transection of the previously exposed spinal cord was performed after infiltration of the tissue with 2% lidocaine (Xylocaine). As can be seen in the sample experiment in Fig. 5 and in Table  1 , SCBF remained unchanged when it was measured immediately after spinal section. The existence of .5 + 5.9 * The dependence of blood pressure (BP) and spinal cord blood flow (SCBF) on end-tidal COs (ETCO2) was estimated from the coefficient of the regression of those two variables on ETCO2 (ml. 100 ml-1) calculated from a set of observations in every group. Values given are means _ standard errors.
J No decerebration or spinal transection was performed on the group of animals maintained under N20 anesthesia. 
Effect of Orthodromic or Antidromic Stimulation
Orthodromic stimulation of ventral horn neurons, accomplished by stimulation of dorsal roots of the same segment and side, induced a significant increase in ventral horn BF that reached, on the average, 128% above control (Table 2 and Fig. 6 ). Stimulation frequencies ranged from 1 to 20 Hz, and duration of stimulating pulse from 0.05 to 0.1 msec. Intensities were supramaximal for alpha fibers as monitored from the dorsal roots. Arterial blood pressure remained stable during stimulation. Since all animals in this series had a spinal transection at T-11, the vasodilator effect of dorsal root stimulation can be ascribed only to local spinal cord mechanisms. Histological examination revealed that the tips of the H2-sensing electrodes were located in four cats in Rexed's lamina VIII and in one cat in lamina IX in this series.
Antidromic motoneuron activation was performed by stimulation of the central stump of ventral roots from segments where SCBF was being recorded. Intensities were always supramaximal for alpha motor volley at the ventral root entrance into the cord), and duration of stimulating pulses was 0.02 to 0.04 msec in order to avoid excitation of unmyelinated ventral root afferents. In some experiments, the Hz-sensing electrode was used to monitor the antidromic field potential as shown in Fig. 7 . The electrode was always positioned in the ventral horn, midway between the upper and lower limits of the segment corresponding to the stimulated ventral roots. Stimulation of ventral roots was performed continuously for periods varying between 3 and 20 minutes before the start and throughout the H2-washout time, at frequencies of 20 to 100 Hz. No significant changes in the ventral horn SCBF were observed under these conditions (Fig. 7 and Table 2 ). Histological examination revealed that the tips of the H2-sensing electrodes were located in Rexed's laminae VII in one cat, VIII in two, and IX in three in this series.
Discussion
Previous observations have established a relationship between afferent stimulation and SCBF. Field, et al., 7 found an increase in temperature and thermal clearance in the lumbar spinal cord of rabbits following either heel pinching or stimulation of the cut central end of the sciatic nerve. These results were reproduced by Marcus, et al., TM with the microspheres method in the lumbosacral cord of lambs. In these experiments, however, a highly localized flow measurement was not achieved, in the first case because of the large size of the measuring probe, and in the latter experiments because of the pooling of tissue from the entire gray matter of lumbar or sacral segments. The fact that a mixed nerve (the sciatic nerve) was stimulated in otherwise intact animals in both studies makes interpretation of the findings difficult due to simultaneous antidromic and orthodromic activation of spinal cord motoneurons, as well as reflex stimulation involving higher cord levels, supraspinal structures, and the autonomic nerve supply to systemic and spinal cord vessels.
In the experiments reported here, and in the absence of these complications, dorsal root orthodromic stimulation induced an increase in ventral horn blood flow (BF) of up to 200%. Thus, general hemodynamic factors and supraspinal connections can be ruled out in the causation of this hyperemia. Two alternative explanations remain to be considered: 1) afferent stimulation induces a local increase in neuronal metabolism that, through the release of metabolically derived vasoactive substances (such as H +, K+), induces the hyperemia, in keeping with the classical "metabolic" hypothesis, '2,24 or 2) a vasoactive principle is released from dorsal root afferent endings leading to vasodilatation within the cord. This seems a plausible hypothesis in view of the fact that these same fibers release a vasodilator (as yet unidentified) substance at their peripheral endings that is responsible for the so-called "dorsal root vasodilatation" of the skin. 9,13
The fact that antidromic (ventral root) stimulation, at frequencies that should have provided maximal activation of the motoneurons surrounding the hydrogen probe, 2 failed to show any vasodilatation might be taken as an indication that motoneuron spikingper se does not elicit this phenomenon and thus favors the second explanation. However, since no estimate of local metabolism was taken in the present experiments, the possibility that antidromic stimulation might have elicited a minimal activation of metabolism in the ventral horn, as compared with orthodromic stimulation, cannot be ruled out. Further experimentation is needed to clarify this point.
The present experiments failed to provide evidence for a role of supraspinal connections in the maintenance of resting SCBF. Thus, during the period immediately following an acute cord transection, SCBF did not change several segments below, in spite of a It has been suggested that brain-stem influences could be responsible for the effect of CO2 on SCBF? In our cats, however, the ability of CO2 to induce vasodilatation in the lumbar ventral horn was not affected by a low thoracic cordotomy.
The H2-clearance technique was selected for the present study because it allows a quantitative measurement of BF from a small volume of tissue. This method allows a more localized flow measurement than either radioactive microspheres or external monitoring of radioactive gas clearance and is perhaps only surpassed by the autoradiographic techniques. 25 The latter, however, have the disadvantage of allowing only one measurement per animal. The monoexponential nature of the He-washout slopes suggests that the measurements are being made in a volume of tissue homogeneous with respect to flow. The ability of the method to detect substantially different levels of flow from points spaced a fraction of a millimeter apart indicates that the He-clearance measurement is localized to a volume of tissue within 0.1 to 0.2 mm of the Pt electrode tip. The absolute values reported here are consistent with previously reported data? ,17,e5
We have been able to characterize quantitatively the BF in small areas of white and gray matter in the lumbar spinal cord in cats. The values are close to those previously reported for other gray and white matter locations in the rest of the central nervous system. The SCBF also responded to changes in blood CO2 concentration in a way similar to that of BF in the brain, even after the spinal cord had been divided rostrally. The well known correlation between neural activity and BF has been obtained only when such activity involved synaptic transmission, and not when ventral horn motoneurons were activated antidromically.
